Murine schistosomiasis mansoni is a disease in which granulomas form around schistosome eggs disseminated in the liver and intestines (28) . At the chronic stage of the infection, there is a spontaneous decrease in the size of newly generated granulomas in the liver and lung (1, 7) . Modulation of the lesion size appears to be mediated by distinct subpopulations of T suppressor lymphocytes (2, 5, 8, 9, 30 ) that regulate inflammatory lymphokine production (4) .
Previously, we detected angiotensin I-converting enzyme (ACE) activity in liver granulomas of schistosome-infected mice and showed that enzyme activity is associated with granuloma macrophages (29) . Moreover, ACE specific activity markedly increased in the immunomodulated granulomas. The role of this enzyme in the granulomatous response is yet unelucidated. Increased serum ACE activity has been detected in some patients with granulomatous inflammation (14, 15, 22, 25) and is associated with the granuloma macrophage of sarcoidosis (E. Silverstein, J. Friedland, M. Drooker, C. Setton, and L. P. Perschuk, Clin. Res., p. 404, 1979) .
The objective of this investigation was to further correlate elevated ACE activity with the immunoregulatory events that influence the granulomatous inflammation. Results indicate that the level of ACE activity within the granuloma may be influenced by splenic T suppressor lymphocytes.
MATERIALS AND METHODS Animals used and methods of infection. Female CBA/ J mice (Jackson Memorial Laboratories, Bar Harbor, Maine) 6 to 7 weeks of age were infected by subcutaneous injection of 25 cercariae of the Puerto Rican strain of Schistosoma mansoni. Perfusion of the portal veins of infected animals routinely yielded 8 to 10 worm pairs.
Determination of granuloma volume. Histological sections were made of multiple levels of granulomatous livers. Volumes of the lesions were calculated from the mean granuloma diameter, and diameters were measured by an automated image-splitting eyepiece (Vickers' Instrument, Inc., Woburn, Mass.) by determining the mean of two measurements made across the perpendicular axes. Only lesions with a single well-defined egg nidus were measured.
Spleen cell preparation. Spleen cell suspensions from mice infected for 20 weeks were prepared aseptically as described previously (3) .
Spleen cel transfer regimen. A single injection of spleen cells from 20-week-infected mice was given intravenously in 0.5 ml of RPMI 1640 medium (Grand Island Biological Co., Grand Island, N.Y.) via the tail veins of 6-week-infected recipients. Dispersed spleen cells were >90% viable by trypan blue exclusion. Recipients were sacrificed at week 8 of infection, and livers were removed for histological preparation. ton, Md.) killed greater than 95% of the normal CBA/J thymocytes and less than 3% of the normal bone marrow cells. Rabbit serum absorbed with mouse tissues (Cedarlane Laboratories, London, Canada) served as the source of complement. Spleen cells were incubated for 30 min at 4°C in antiserum diluted 1:10 in RPMI medium (107 cells per ml). After incubation, the cells were washed by centrifugation at 4°C, suspended in an equal volume of a 1:10 dilution of complement, and then incubated again for 30 min at 37°C. Viability was determined by trypan blue staining.
Cyclophosphamide and cimetidine administration. Cyclophosphamide (Cytoxan; Mead Johnson & Co., Evansville, Ind.) was dissolved in sterile saline immediately before use and injected intraperitoneally. Animals received injections at a dose of 20 mg/kg at 6, 7, and 7.5 weeks of infection and were sacrificed at week 8.
Cimetidine HCI (Tagamet; Smith Kline & French Laboratories, Philadelphia, Pa.) was administered to animals in their drinking water at about 50 mg/kg per day from week 6 to 8 of infection. Drug recipients were sacrificed 8 weeks after infection. The drug was freshly dissolved in drinking water twice weekly. Animals were housed three to a cage.
Isolation of granulomas. Granulomas were isolated from the liver by the method of Pellegrino and Brener (cited in reference 6). Subsequently, the isolated granulomas were washed three times with Hanks balanced salt solution and then packed at 300 x g to remove supernatant.
Isolation and culture of granuloma cells. Isolated liver granulomas from mice infected for 8 weeks were placed in a 50-ml siliconized Erlenmeyer flask with RPMI 1640 medium (1 ml of medium per 0.5 ml of loosely packed tissue) containing 10% fetal calf serum (heat inactivated at 56°C for 30 min) and collagenase (1,600 u/ml) (both from Sigma Chemical Co., St. Louis, Mo.). The tissue suspension was agitated at 37°C in a shaker water bath for 50 min. The mixture was then centrifuged at 300 x g for 5 min to remove the collagenase solution and washed with RPMI medium. The loosened granulomas were dispersed by gentle teasing and pressing through a no. 80 stainless-steel screen. The dispersed cells were washed three times at 4°C with RPMI medium in siliconized glass test tubes. The yield was approximately 3 x 107 cells per liver, with 90% viability as determined by trypan blue exclusion. The dispersed cells comprised about 30% macrophages, 60% eosinophils, and 10% lymphocytes by morphological criteria.
The dispersed granuloma cells were suspended in RPMI medium containing 10%o fetal calf serum, 2.0 mM glutamine, and 100 U of penicillin and 100 ,ug of streptomycin (Grand Island Biological Co., Grand Island, N.Y.) per ml. Cells (7 x 106 cells per 4 ml of medium) were cultured in 5-cm glass tissue culture dishes at 37°C in a 5% CO2 atmosphere for 2 h. The nonadherent cells were removed from the monolayers by three washings. This fraction, which contained about 8% macrophage-like cells, 75% eosinophils, and 17% lymphocytes, was placed in 0.5 ml of 0.05 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 8.0), sonicated for 15 s on ice, and assayed for ACE activity.
The adherent cell population was >95% macrophage-like by morphological criteria. The cells were 10 to 30 ,um in diameter, with oval eccentric nuclei. They displayed numerous vacuoles and pseudopodia. Some multinucleated giant cells were also seen. Ninety-five percent of these adherent cells phagocytized >10 latex beads per cell, and 80% were nonspecific esterase positive (29) . The adherent cells were removed with a rubber policeman, suspended in 0.5 ml of 0.05 M HEPES buffer (pH 8.0), sonicated for 15 s on ice, and assayed for ACE activity.
The number of cells comprising the adherent cell fraction was determined by counting the number of nonadherent cells and subtracting this value from the total number of cells which were originally added to each dish.
Assay of ACE activity, protein, and DNA concentrations. All samples were stored for up to 1 month at -70°C for ACE activity protein, and DNA determinations. Under these conditions, there was no change in ACE activity.
ACE activity was determined by a radioassay method (19) . The substrate was p-[3H]hippuryl-glycylglycine (Ventrex Laboratories, Portland, Maine). ACE was extracted from granuloma tissues as previously described (29) . Results were expressed as hippuric acid (nanomoles per minute) per milligram of protein or milligram of 2-deoxypentose in tissues and, in dispersed cells, as hippuric acid (nanomoles per minute) per 106 cells. Protein and 2-deoxypentose concentrations were measured by colorimetric methods (11) . ACE activity, protein, and DNA determinations were performed on separate 200-mg samples of isolated liver granulomas.
Statistical methods. Data were subject to Student's t test to determine significant differences between groups. P values of <0.05 were considered significant.
RESULTS
Effect of alteration of granuloma size upon the specific activity of ACE. It was first determined whether granuloma size in the livers of acutely infected mice could be altered by adoptive cell transfer or by drugs. The drugs used were cyclophosphamide and cimetidine, which augment delayed-type hypersensitivity reactions, probably by impairment of suppressor T cell activity (16-18, 20, 26, 27) . Adoptive transfer of 4 x 107 spleen cells from 20 week-infected mice into 6-week-infected recipients resulted in diminished liver granuloma size, after 2 weeks. In contrast, administration of cyclophosphamide intraperitoneally (20 mg/kg) at weeks 6, 7, and 7.5 of infection or of cimetidine orally (50 mg/kg per day) beginning at week 6 of infection resulted in the enhancement of liver granuloma size by week 8 of infection (Fig. 1A) . There was no significant change in the concentration of DNA or of protein in isolated liver granulomas from 8-week-infected mice as a result of these manipulations. (Table 1) .
We next determined the effect of these treatments upon ACE specific activity in isolated liver granulomas of acutely infected animals. week-infected mice enhanced, whereas the treatment of mice with cyclophosphamide or cimetidine diminished, the specific activity of ACE within granulomas. This trend was similar whether values were calculated on the basis of DNA or on protein content (Fig. 1B and C) . Moreover, the incremental changes in both granuloma size and ACE specific activity were proportionate to the number of splenic cells transferred (Fig. 2) .
Treatment of spleen cells with anti-Thy 1.2 plus complement. To further identify the cell responsible for the elevated ACE activity in adoptive transfer, spleen cells were treated with anti-Thy 1.2 plus complement or with normal mouse serum plus complement. Anti-Thy 1.2 treatment of spleen cells before transfer eliminated the ability of the cells to alter both the specific activity of ACE and the granuloma size (Fig. 3) .
Effect of adoptive transfer on ACE activity associated with granuloma macrophages. Dispersed liver granuloma cells from acutely infected animals which received 4 .0 x 107 spleen cells from 20-week-infected mice had increased ACE activity. This increased activity was associated with the adherent cell fraction and comprised predominately macrophages (Table 2) . DISCUSSION Previous studies have shown that the spontaneously modulated granulomatous response that occurs in mice chronically infected with S. mansoni (1, 7) is regulated by T lymphocytes (2, 4, 5, 8, 9, 30). We recently showed that the diminished granulomatous response in mice undergoing modulation is associated with high ACE activity in the serum, liver, and colon granulomas (29) . In the present study, we further explored the relationship between ACE activity and the immunoregulation of the granulomatous response.
Results showed that immunomanipulations which caused diminished or increased granulomatous responses resulted in an inverse alteration of ACE activity within the lesions. Despite significant differences in granuloma sizes, no change was measured in the DNA and protein concentration of the homogenized lesions. Since a unit wet weight of packed tissue would be expected to contain more small than large granu- Enzyme activity was located in the adherent cell fraction of the granuloma cells, strongly suggesting that macrophages produce ACE. Enzyme production by macrophages was strongly influenced by T suppressor lymphocytes because the adoptive transfer of such cells not only diminished the vigorous granulomatous responses of the recipients, but also caused an increase in ACE activity of the granuloma macrophages.
ACE appears to be an inducible enzyme of the granuloma mononuclear phagocyte. Evidence suggesting inducibility includes the observation that only some granulomatous inflammations are associated with abundant ACE activity (15, 25) . Furthermore, synthesis of ACE in cultures of rabbit alveolar macrophages and human peripheral blood monocytes has been induced by corticosteroids and stimulated peripheral lymphocytes (23) .
Although our present results do not indicate de novo induction of ACE production, they strongly suggest that enzyme activity is under the influence of T suppressor lymphocytes. Cyclophosphamide and cimetidine have been shown to enhance delayed hypersensitive responses by the elimination of T suppressor cells or by blockage of their H2 receptors (16-18, 20, 26, 27) . These drugs indeed augmented granulomatous responses in the drug-treated mice. The concomitant decrease of granuloma ACE levels in treated animals illustrates the close relationship between enzyme activity and the presumed local effect of T suppressor cells. This is also supported by the observed effect of adoptive transfer on granuloma size and ACE activity.
Ongoing analysis of the T cell circuitry active during the egg-specific granulomatous response shows that the inflammation is generated by lymphokine-secreting Ly 1+ delayed hypersensitivity T cells (4 (5, 9) .
In the present experiments, the comparable efficacy of cimetidine treatment in the enhancement of the granulomatous response seems to indicate that T suppressor lymphocytes which regulate delayed hypersensitive T cell activity may also bear H2 receptors on their surfaces. This is consonant with previous studies showing that guinea pig lymphocytes with histamine receptors can suppress migration inhibition factor production (17) . This finding is of special interest in the light of recent observations which show that mast cells are present in the liver granulomas of normal littermates, but not in athymic nude mice (11) .
Although high ACE activity has been found in the serum, granulomatous lymph nodes, and macrophages of patients with sarcoidosis and other granulomatous diseases (14, 15, 22, 25) , the functional significance of this enzyme in the granulomatous inflammatory process is unknown. ACE converts angiotensin I to angiotensin II and inactivates bradykinin (24) . The presence of angiotensins has not yet been sought in granulomatous inflammations. They could theoretically alter inflammatory responses by stimulation of prostaglandin release (21) , or by directly affecting contractile elements associated with the cytoskeleton of inflammatory cells (10) . In addition, angiotensins could affect the microvasculature of the granuloma, thus influencing blood supply and cellular egression from vessels. Similarly, ACE inactivation of kinins, presumably participating in the schistosome egginduced granulomas (13) , could modify the granulomatous response. However, it is still to be determined whether granuloma ACE is important in the inflammatory response, and if so, whether it is acting upon these or some other as yet unidentified mediator involved in the inflammatory process. 
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